Introduction {#S1}
============

Significant recent developments have occurred in the field of retinal gene therapy. Phase I/II human clinical trials aimed at treating Leber congenital amaurosis (LCA) type 2 caused by *RPE65* mutations have demonstrated the safety and efficacy of recombinant adeno-associated viral (AAV) vector-mediated gene augmentation therapy when delivered by subretinal injection. ^[@R1]--[@R6]^ Pre-clinical proof-of-concept and safety studies using the Rpe65-deficient canine model provided a critical step in the approval process for the human trials. ^[@R7]--[@R9]^

Retinal dystrophies are reported to cause visual dysfunction in up to 1 in 3500 humans, ^[@R10]^ with causative mutations being identified in almost 200 genes (<https://sph.uth.edu/retnet/>). As treatments for additional retinal dystrophies are attempted, increasingly sophisticated therapeutic approaches will be sought. These are likely to include the need to achieve faster onset of expression to combat rapid degenerative disease, accomplishing efficient retinal cellular transduction from a more straightforward intravitreal injection of vector and more efficient targeting of inner retinal cells to introduce novel proteins into this location. By refining the methods and approaches to gene therapy in the canine retina, important advances can be made in the prospective treatment of early-onset and rapidly progressive retinal dystrophy in people. Ongoing studies in additional canine models are paving the way for human gene therapy trials aiming to treat diseases such as achromatopsia, ^[@R11]^ autosomal recessive retinitis pigmentosa ^[@R12],\ [@R13]^ and X-linked retinitis pigmentosa. ^[@R14]^

Although conventional AAV-mediated gene therapy can effectively treat diseases such as RPE65 deficiency that cause slow photoreceptor degeneration, the treatment of very rapid degenerations will require early intervention with rapid-onset treatment. Human patients with LCA type 4 caused by mutations in the *AIPL1* gene suffer early onset and severe LCA characterized by severely reduced vision from birth, extinguished ERGs within the first year of life ^[@R15]^ and profound retinal thinning detectable within the second decade of life. ^[@R16],\ [@R17]^ We reported a spontaneously occurring frameshift mutation in *Pde6a* causing retinal dystrophy in the Cardigan Welsh Corgi dog, in which peak photoreceptor apoptosis occurs by about 4 weeks of age. ^[@R18],\ [@R19]^ Gene augmentation therapy in dogs with this mutation has proven challenging (Petersen-Jones, unpublished data), at least in part due to the time lag from initial vector delivery to onset of transgene expression, reported as approximately 6 weeks using conventional AAV2 vectors. ^[@R20]^ We have shown that self-complementary AAV vector constructs have a faster onset of transgene expression than conventional single stranded AAV vectors in dogs. ^[@R21]^ However, these self-complementary AAV vectors have significant restrictions on the size of gene that can be introduced, ^[@R22]^ limiting their potential for replacement of all but the smaller genes.

Subretinal injection is used as standard for delivery of gene therapy to the outer retina and retinal pigment epithelium (RPE) and results in the creation of a temporary retinal detachment. Although this usually resolves within a few days of its creation, detachment of the retina can have immediate deleterious effects on the retinal cells due to the separation of the retina from the RPE and choroid. ^[@R23]--[@R26]^ Damage to the retina in the context of active disease or degeneration may be even more detrimental. A subset of gene therapy treated LCA2 patients suffered retinal complications that may, in part, be related to the subretinal method of vector delivery. Complications included the development of a macular hole, ^[@R6]^ and two cases of foveal thinning that persisted in one case, causing negative effects on visual acuity. ^[@R1]^ Intravitreal injection can safely provide therapeutic levels of drugs to the retina, including anti-inflammatories, antibiotics and anti-angiogenic treatments, and is a commonly adopted technique in the treatment of many retinal diseases. Intravitreal injections are performed in people under local analgesia and a recent large study reported a complication rate of less than 0.03% per injection. ^[@R27]^ If gene therapy vectors delivered by intravitreal injection could efficiently transduce the outer retina and/or the retinal pigment epithelium, many of the technical challenges and potential complications of subretinal injection could be circumvented.

Recombinant adeno-associated viruses (AAVs) are widely used as gene therapy vectors in the eye due to their low immunogenicity, the ability to transduce a variety of nondividing cells in the retina, and their ability to facilitate sustained expression of replacement genes. ^[@R28]^ Pseudotyped AAV vectors using the AAV serotype 2 inverted terminal repeats, and alternative AAV serotype capsids have been widely studied in the retina. ^[@R29],\ [@R30]^ Subretinal injection of vectors containing the genome from AAV serotype 2 and capsids from serotypes 2 (AAV2), 5 (AAV5) and 8 (AAV8) have been used in gene therapy trials in rodents and dogs. ^[@R31]^ Advances in the understanding of molecular trafficking of AAV through the host cell have identified capsid tyrosine phosphorylation as a signal for AAV vector ubiquitination and subsequent targeting for degradation by cellular proteasomes. ^[@R32]^ Mutations introduced to substitute exposed tyrosine for phenylalanine residues result in reduced virus degradation, enhanced nuclear transport and increased transgene expression. ^[@R33]^ Using single point-mutations in the genes encoding viral capsid tyrosine residues, delivery in rodents showed superior transduction characteristics in multiple retinal cells compared with constructs without the capsid mutations. ^[@R34]^ Using vitreal delivery, efficient transduction of inner retinal cells was achieved using AAV2, and using subretinal delivery, rapid-onset efficient photoreceptor expression was achieved with AAV2 and AAV8. Additional substitutions (triple mutation of Y444, 500, 730F) in AAV2 capsid further enhanced transduction efficiency. ^[@R35]^ Following these discoveries, capsid-mutant AAV vectors have been investigated in proof-of-concept therapy studies for retinal dystrophies in rodent models and have been shown to provide long-term rescue of a variety of photoreceptor dystrophies in mice ^[@R36]--[@R39]^ and rats. ^[@R40]^

These next-generation vectors therefore promise improvements in the treatment of early onset dystrophies and show potential for efficient gene delivery to the retina and RPE from an intravitreal injection. Our studies in the normal canine retina provide essential information to allow further refinement of gene therapy approaches in an important animal model species with the ultimate goal of translation into human patients.

Results {#S2}
=======

Onset of transgene expression {#S3}
-----------------------------

Fluorescent fundus images were taken serially in all 12 dogs following subretinal and intravitreal viral vector injection until 30 days post-injection. Images were examined closely by 2 masked observers to detect the onset of green fluorescent protein (GFP) expression. Images taken immediately following injection clearly delineated the site of subretinal injection ([Figure 1](#F1){ref-type="fig"}). In all eyes in which subretinal injections were performed, complete retinal reattachment was observed by 3 days post-injection. All eyes that received subretinal injections had detectable GFP expression by 6 days post-injection. Intensity of GFP expression continued to increase throughout the study period, and by termination at 30 days post-injection, robust GFP expression was present within the boundary of the subretinal bleb for all vector types evaluated ([Figure 1](#F1){ref-type="fig"}). GFP expression was detected later in eyes receiving intravitreal injections, with fluorescence noted in all eyes by 9 days post-injection. Fluorescence intensity continued to increase throughout the study period. By 14 days post-injection in all intravitreally injected eyes, fluorescence of the optic nerve head was observed likely indicating GFP expression within ganglion cell axons ([Figure 2](#F2){ref-type="fig"}). There was a significant correlation (p \< 0.0001 Spearman correlation, R^2^ = 0.61) between the findings of two masked observers evaluating onset of fluorescence in post-injection fundus images ([Figure 3A](#F3){ref-type="fig"}). There was a significantly faster onset of expression using subretinally delivered AAV2(quad Y-F) than intravitreally delivered AAV2(quad Y-F) (p \< 0.01 [Figure 3B](#F3){ref-type="fig"}) or scAAV8(Y733F) (one-way ANOVA with Bonferroni post-test; p \< 0.0001 [Figure 3B](#F3){ref-type="fig"}).

There was no significant difference in time to detection of initial GFP expression between AAV2(quad Y-F) and scAAV5 vectors delivered by subretinal injection (AAV2(quad Y-F) mean onset 3.5 days ± 0.5 days, scAAV5 mean onset 5.0 ± 0.0 days, p = 0.07 paired t-test; [Figure 3B](#F3){ref-type="fig"}). Subretinal delivery of scAAV8(Y733F) resulted in significantly faster time to detection of initial GFP expression compared to scAAV5 (scAAV8(Y733F) mean onset 2.5 days ± 0.2 days, range 2--3 days, scAAV5 mean onset 4.8 ± 0.3 days, range 4--5 days, p = 0.006 paired t-test; [Figure 3B](#F3){ref-type="fig"}). There was no significant difference in time to detection of initial GFP expression between AAV2 vectors delivered by intravitreal injection (AAV2(quad Y-F) mean onset 7.0 ± 0.7 days, scAAV2 mean onset 6.9 ± 0.6 days, p = 0.81, paired t-test; [Figure 3B](#F3){ref-type="fig"}). There was no significant difference in time to detection of initial GFP expression between AAV2(quad Y-F) vector and scAAV8(Y733F) delivered by subretinal injection (one-way ANOVA with Bonferroni post-test).

Retinal cell tropism of subretinally injected vectors {#S4}
-----------------------------------------------------

Immunohistochemistry labeling on sections through injected areas of all 16 subretinally injected eyes was quantified to assess retinal cell tropism and transduction efficiency. Photoreceptor transduction efficiency was greater than 90% for all three vectors (AAV2(quad Y-F), scAAV8(Y733F) and scAAV5) delivered by subretinal injection, and there was no significant difference between vector types (range 91.8%-98%; p = 0.83 scAAV5 vs. AAV2(quad Y-F), p = 0.41 scAAV5 vs. scAAV8(Y733F); [Figure 4A, B](#F4){ref-type="fig"}). Cone photoreceptors were efficiently transduced by all vector types, there was no difference in efficiency between vector types (range 81.6%--97.2%; p = 0.57 scAAV5 vs. AAV2(quad Y-F), p = 0.84 scAAV5 vs. scAAV8(Y733F); [Figure 4C, D](#F4){ref-type="fig"}). Although there was no difference in S-cone transduction efficiency between different vector types, S-cone transduction efficiency was variable between different animals irrespective of vector-type (range 22.8%--100%; p = 0.12 scAAV5 vs. AAV2(quad Y-F), p = 0.67 scAAV5 vs. scAAV8(Y733F); [Figure 4E, F](#F4){ref-type="fig"}). Inner retinal cell-transduction was achieved using all tested vector types from a subretinal injection, although at a lower efficiency than outer nuclear layer transduction efficiency ([Figure 4G--L](#F4){ref-type="fig"}). There were no differences between vector types in the efficiency of transduction of calbindin positive cells (range 2.1--38.8%, p = 0.32 scAAV5 vs. AAV2(quad Y-F), p = 0.98 scAAV5 vs. scAAV8(Y733F); [Figure 4G, H](#F4){ref-type="fig"}) or calretinin positive cells (range 7.4--31.1%, p = 0.17 scAAV5 vs. AAV2(quad Y-F), p = 0.36 scAAV5 vs. scAAV8(Y733F);[Figure 4 I, J](#F4){ref-type="fig"}). There was no difference in transduction efficiency of protein kinase-C alpha positive cells between subretinally delivered AAV2(quad Y-F) and scAAV5 (p = 0.16) but scAAV8(Y733F) transduced significantly fewer rod bipolar cells than the contralateral scAAV5 injected eye (4.8 ± 1.2% scAAV8(Y733F) vs. 8.9 ±0.8% scAAV5, p = 0.03; [Figure 4 K, L](#F4){ref-type="fig"}). The numbers of transduced ganglion cells were not quantified. However, visible nerve fiber layer GFP expression was observed in all eyes, indicating ganglion cell transduction ([Figure 4G--L](#F4){ref-type="fig"}).

Retinal cell tropism of intravitreally injected vectors {#S5}
-------------------------------------------------------

Immunohistochemistry labeling on sections through the central retina of all 8 intravitreally-injected eyes was quantified to assess retinal cell tropism and transduction efficiency. The efficiency of cell transduction was lower than from a subretinal approach although detectable GFP expression was present throughout the retina following injection with either AAV2(quad Y-F) or scAAV2 ([Figure 5A](#F5){ref-type="fig"}). Using all vector types delivered intravitreally, the highest GFP expression was present around large retinal blood vessels (data not shown for scAAV2, see [figure 6](#F6){ref-type="fig"} for AAV2(quadY-F)). Quantification of transduction efficiency was performed in these areas of maximal transduction. Photoreceptors were transduced with relatively low efficiency using either vector type, but AAV2(quad Y-F) vector transduced photoreceptors to a greater extent than the scAAV2 (13.0 ± 4.1% AAV2(quad Y-F) vs. 7.4 ± 3.3% scAAV2; p = 0.02; [Figure 5B, G](#F5){ref-type="fig"}). This difference likely reflected increased transduction of rod photoreceptors, as there was no difference in cone transduction efficiency between different vector types (range 17.3%--46.5%; p = 0.87; [Figure 5B, G](#F5){ref-type="fig"}). Very low numbers of transduced S-cones could be detected in intravitreally-injected eyes using either vector type ([Figure 5C](#F5){ref-type="fig"}). The low numbers of transduced cells precluded statistical analysis. Inner retinal cells were also transduced with low efficiency from the intravitreal approach but we detected GFP positive calbindin positive cells (range 10.4%--25.5%; [Figure 5D](#F5){ref-type="fig"}), calretinin positive cells (range 15.8%--36.1%, [Figure 5E](#F5){ref-type="fig"}) and PKC-alpha positive cells (range 5.5%--20.2%, [Figure 5F](#F5){ref-type="fig"}) in retinas injected with both vector types. AAV2(quad Y-F) transduced more calbindin positive cells (p = 0.04) and PKC-a positive cells (p = 0.04) but not calretinin positive cells (p = 0.53) compared with scAAV2 ([Figure 5G](#F5){ref-type="fig"}).

We compared the inner retinal cell transduction efficiency of capsid-mutant vectors between the subretinal and intravitreal approach (AAV2(quad Y-F) delivered both subretinally and intravitreally and scAAV8(Y733F) delivered subretinally). There was no difference between groups in the transduction efficiency of calbindin positive cells (p = 0.74) or calretinin positive cells (p = 0.48). Using AAV2(quad Y-F), the route of injection did not affect the transduction efficiency of PKC-alpha positive rod bipolar cells. However, AAV2(quad Y-F) transduced significant more rod bipolar cells than scAAV8(Y733F) when delivered either subretinally or intravitreally (p \< 0.05 for AAV2(quad Y-F) subretinal vs. scAAV8(Y733F) subretinal, p \< 0.01 for AAV2(quad Y-F) intravitreal vs. scAAV8(Y733F) subretinal, one way ANOVA with Bonferroni post-test).

Intravitreal injection in juvenile dogs {#S6}
---------------------------------------

Because of the limited transduction efficiency following intravitreal injection in adult dogs, we performed intravitreal injection of AAV2(quad Y-F) in one eye each of two juvenile dogs (postnatal day 16; [Figure 6](#F6){ref-type="fig"}). Onset time was not assessed. Thirty days post-injection, only mild tapetal autoflorescence was detected in the uninjected control eyes ([Figure 6A](#F6){ref-type="fig"}), but robust GFP expression was present in the superior retina in injected eyes, with evidence of nerve fiber expression in the optic nerve ([Figure 6B](#F6){ref-type="fig"}). No expression was noted histologically in uninjected eyes ([Figure 6C](#F6){ref-type="fig"}). Using histological evaluation, AAV2(quad Y-F) appeared to produce more efficient cell transduction following intravitreal injection in juveniles ([Figure 6D, F](#F6){ref-type="fig"}) compared with adult dogs ([Figure 6E, G](#F6){ref-type="fig"}). Although just two dogs were analyzed, a mean of 15.5% of photoreceptors and 15.2% of inner nuclear layer cells expressed GFP in analyzed maximal regions of expression in these juvenile animals. Particularly notable was the extensive GFP expression within the retinal pigment epithelium (RPE) of the juvenile animals. In both juveniles and adults, subjectively the highest transduction efficiency in the photoreceptor and inner nuclear layers appeared to occur in areas where superficial retinal blood vessels were present in the nerve fiber layer. However, in the juvenile retinas, retinal GFP expression was more widespread in regions distant from a retinal blood vessel ([Figure 6D, F](#F6){ref-type="fig"}).

Discussion {#S7}
==========

We have demonstrated that an AAV8 vector carrying a single amino acid substitution on the capsid surface generates significantly faster onset (2.5 days) of GFP expression compared to a self-complementary AAV5 vector (4.8 days), previously reported to produce the fastest onset of expression following subretinal injection in the dog. ^[@R21]^ Although no difference in the transduction efficiency was detected between the capsid-mutant scAAV8(Y733F) and scAAV5, rod and cone photoreceptor transduction approached 100% using either vector type. The enhanced speed of onset achieved using the capsid-mutant vector may allow therapeutic protein expression at an earlier stage and facilitate rescue of severe, early onset retinal dystrophies. Although an improvement in the speed of onset of 2--3 days may not make significant clinical difference in therapeutic trials, it is likely that by evading host degradation, capsid-mutant vectors reduce presentation of capsid as an antigen by the host immune system. Additionally they will have a higher multiplicity of infection per cell when delivered subretinally. ^[@R32]--[@R35],\ [@R41]^ It was beyond the scope of this study to examine the level of gene expression following delivery, but recent studies in rodents found increased nuclear transport and increased transduction efficiency when using capsid-mutant vectors compared with non-mutated vectors. ^[@R42]^ A higher multiplicity of infection may therefore help to achieve higher levels of transgene expression and greater and more sustained therapeutic benefit. This is particularly pertinent to RPE65 deficiency, as a recent study suggested higher transgene expression, in combination with other approaches to neuroprotection, might be necessary to effectively treat RPE65 deficiency in people in the long-term. ^[@R43]^ Proof of efficacy studies have been performed in mouse models of rod ^[@R36]^ and cone ^[@R38]^ dystrophies showing that the efficient and stable transduction using capsid-mutant AAV8 can preserve structure and function long-term in mouse models of retinitis pigmentosa. We plan to apply these vectors in the treatment of the rapid rod photoreceptor degeneration in the *Pde6a* mutant dog retina, in which apoptosis peaks at 25 to 28 days of age. ^[@R19]^ The data presented here indicate that capsid-mutant AAV8, with its faster onset of highly efficient gene expression may be more efficacious in the rescue of this severe, early phenotype, and will have wider application to the treatment of early-onset retinal dystrophies in people.

An alternative approach is to target the photoreceptors and retinal pigment epithelium via intravitreal injection. We have shown in this study that a quadruple tyrosine capsid-mutant AAV2 vector (AAV2(quad Y-F)) more efficiently transduces the photoreceptors from an intravitreal approach than a self-complementary AAV vector (scAAV2). However, despite these improvements in efficiency, the intravitreal approach was not as efficient as the subretinal approach (5.1--24% of photoreceptors intravitreal vs. 91.8--97.7% subretinal). A recent study in normal mice showed that additional substitutions in the viral capsid (four Y to F mutations, and a T to V mutation) had a 3-fold increase in photoreceptor transduction from intravitreal administration compared with AAV2(quad Y-F). ^[@R44]^ These data suggest that further enhancements in vector design can increase the efficiency of photoreceptor transduction from an intravitreal injection. In addition, there are several barriers to retinal penetration from the vitreous that might be overcome to enhance transduction efficiency. An intact inner limiting membrane is a significant barrier for penetration. In comparison with the injection of (AAV2(quad Y-F) intravitreally in the mouse eye, ^[@R35]^ the canine transduction efficiency from a vitreal approach was more limited. We hypothesize that this is related to the barrier to penetration through the inner limiting membrane and nerve fiber layer - which is thicker in the canine (141µm in the peripapillary location, ^[@R45]^ 26µm in the superior central retina ^[@R46]^) than the mouse (19µm in the central retina). ^[@R47]^ A similar finding was noted when capsid-mutant vectors were injected into the vitreous cavity of non-human primates, which also have a thicker inner limiting membrane than mice. ^[@R48]^ Receptors for AAV2 are present at the vitreo-retinal junction in rodents, ^[@R49]^ causing accumulation of virus in this location. The barrier appears to be reduced in the context of retinal degeneration related to inner limiting membrane disorganization in the rodent eye. ^[@R50]^ We also report two additional interesting findings in the canine retina. Firstly, more efficient outer (and inner) retinal transduction in adult retinas appears to center predominantly around retinal blood vessels (also found in non-human primates following intravitreal AAV2 delivery)^[@R48]^ and secondly that the juvenile (postnatal day 16) canine retina appears to have fewer barriers for penetration of the retina from the vitreous, resulting in more widespread and efficient transduction of both photoreceptors and retinal pigment epithelium. These findings might suggest that the inner limiting membrane is a barrier to vitreal penetration in the canine retina, as the inner limiting membrane is thinner in immature human eyes, ^[@R51]^ and thickens with age in the non-human primate. ^[@R52]^ The ILM may be thinner over retinal blood vessels due to the reduction in Müller cell end-feet in those locations. ^[@R53]^ To enhance transduction efficiency, future studies could investigate the effect of combined intravitreal capsid-mutant AAV2 delivery and inner limiting membrane disruption such as enzymatic digestion. ^[@R49]^ Investigating the transduction efficiency of intravitreally delivered virus in the context of active retinal degeneration may provide additional evidence to support the application of capsid-mutant vectors in the treatment of retinal degeneration. ^[@R50]^

In addition to targeting retinal photoreceptors, intravitreal injection of capsid-mutant AAV2 showed mildly enhanced transduction of a proportion of inner retinal cells compared to self-complementary AAV2. Inner retinal transduction through either subretinal or intravitreal approaches was less efficient than photoreceptor transduction, but vectors targeted approximately 10--25% of inner retinal cells over a wide area from an intravitreal approach (compared to a similar percentage of cells transduced from a subretinal approach using the same capsid-mutant vector type). Intravitreal AAV2(quad Y-F) had marginally higher transduction of rod bipolar cells and calbindin positive inner retinal cells compared with scAAV2. Further investigation of the intravitreal approach to gene delivery is warranted as this method would be straightforward, could overcome many of the deleterious effects of subretinal injection and is capable of treatment of a wide area of the retina from a single injection. Intravitreal injection is already a reality in the delivery of drugs such as angiostatic agents, to the eye. Sustained protein delivery using viral vector mediated expression would negate the need for repeated injections that carry a cumulative increase in complication risk. ^[@R54]^ These vectors also have promise for the optogenetic approach, which aims to introduce novel light-sensitive protein into cells of the inner retina. Previous studies have demonstrated light-sensitive protein expression in the ganglion cells ^[@R55]--[@R57]^ and in some instances horizontal cells ^[@R58]^ from a vitreal approach, and the current study shows that capsid-mutant vector delivery would also facilitate the expression of protein in amacrine/horizontal cells and rod on-bipolar cells from an intravitreal approach. The advantage of expression in this location is that further processing of light-perception is possible by utilizing the normal neural pathways in the retina that process signals derived from photoreceptors. This will help to facilitate restored visual perception, as has recently been shown in the *rd10* mutant mouse where capsid-mutant AAV2 was used to target rod ON-bipolar cells, restoring light perception. ^[@R59]^

In conclusion, compared with the previous generation of AAV vectors, capsid mutations in certain pseudotyped AAV vectors injected into the canine eye can result in a faster onset of expression from a subretinal injection. Intravitreal delivery of capsid-mutant AAV2 results in improved transduction of inner and outer retina cells. Future studies will aim to evaluate the outcome following therapeutic gene delivery in canine models of retinal dystrophy.

Materials and methods {#S8}
=====================

Animals {#S9}
-------

Normal purpose-bred, adult beagle dogs (n = 12 dogs; 6 male, 6 female; mean age at injection 308 days, range 285--345 days) were obtained from a commercial supplier (Covance, Kalamazoo, MI) and acclimated for 1 week in the Michigan State University (MSU) animal facility prior to injection. Additionally, 2 normal juvenile mixed-breed dogs (16 days old) were obtained from a colony maintained at MSU. Animals were housed on a 12-hour light: dark cycle. Animal care was in compliance with the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research and all procedures were performed with approval by the MSU Institutional Animal Care and Use Committee.

AAV constructs {#S10}
--------------

Recombinant AAV vectors were manufactured and purified by previously described methods. ^[@R33]--[@R35]^ This included purification and concentration by column chromatography. Vector titer was determined by real time PCR and final aliquots were resuspended in balanced salt solution (BSS Alcon Laboratories, Forth Worth TX, USA) containing 0.014% Tween 20. Four different AAV vectors were used: self-complementary AAV2/5 construct expressing humanized green fluorescent protein (hGFP) driven by the ubiquitous, truncated chimeric CMV-chicken beta actin promoter (smCBA) (subsequently referred to as scAAV5) was used as a control for subretinal injection. ^[@R21]^ Self-complementary AAV 2/2 (scAAV2) was used as a control for intravitreal injection, as scAAV2 transduces the murine retina following intravitreal delivery. ^[@R34]^ Capsid-mutant vectors included: an AAV2/2 with four surface exposed capsid tyrosine residues replaced by phenylalanine (Y272F, Y444F, Y500F and Y730F) expressing green fluorescent protein driven by smCBA (subsequently referred to as AAV2(quad Y-F), and a self-complementary AAV2/8 construct with a single capsid tyrosine to phenylalanine substitution (Y733F) expressing hGFP driven by smCBA (subsequently referred to as scAAV8(Y733F)).

Subretinal and intravitreal injections {#S11}
--------------------------------------

All vectors were diluted to 5×10^11^ vg/mL using sterile balanced salt solution prior to injection. Adult dogs were randomly allocated into one of three groups of 4 dogs ([Table 1](#T1){ref-type="table"}). Under general anesthesia 250 µl of vector preparation was delivered by subretinal ^[@R21],\ [@R60]^ or intravitreal ^[@R61]^ injection as previously described. Subretinal injections targeted the superior retina delineated by the boundary of the tapetum lucidum; intravitreal injections were administered immediately anterior to the retinal surface of the tapetal fundus. The two juvenile dogs both received a unilateral right eye intravitreal injection of 100 µl AAV2(quad Y-F) preparation. Immediately after subretinal injection, all dogs received a subconjunctival injection of 2mg dexamethasone solution and 8mg gentamicin. Oral prednisone was administered post-operatively at 1mg/kg daily for week 1, 0.5mg/kg for week 2, 0.25mg/kg for week 3 and 0.125mg/kg for week 4.

Ophthalmic examination and imaging {#S12}
----------------------------------

Slit-lamp biomicroscopy (SL, Kowa, Japan), binocular indirect ophthalmoscopy (Welch Allyn, Skaneateles Falls, NY, USA), and wide-angle color and fluorescent digital fundus imaging (RetCam II, Clarity Medical Systems, Pleasanton CA) were performed pre-injection, immediately post-injection, daily for 10 days post-injection, then weekly until the end of the study.

Tissue processing/sectioning {#S13}
----------------------------

Animals were sacrificed 30 days post-injection. Eyes were enucleated following euthanasia by barbiturate overdose (Fatal Plus, Vortech Pharmaceuticals, Dearborn MI). Eyes were prepared for sectioning as previously described ^[@R62]^ and embedded eyecups were stored at −20 °C until sectioning. 14 µm vertical sagittal retinal cryosections were collected using a cryomicrotome (Leica CM3050-S, Leica Microsystems, Buffalo Grove IL) onto poly-L-lysine coated glass slides (Electron Microscopy Sciences, Hatfield MO). Sections were taken from the portion of the retina that included the optic nerve, and approximately 1mm nasal and temporal to this location.

Immunohistochemistry {#S14}
--------------------

Reagents utilized and basic immunohistochemistry protocols performed were as previously described. ^[@R62]^ Primary and secondary antibody labeling was performed at the concentrations outlined in [Table 2](#T2){ref-type="table"}. Primary antibodies were incubated overnight at 4 °C, secondary antibodies for 2 hours at room temperature. Representative images of immunohistochemistry labeling were taken using a confocal microscope (Olympus FluoView 1000 confocal, Center Valley, PA).

Image analysis {#S15}
--------------

To evaluate the onset speed of GFP expression, fluorescent fundus images were equally digitally enhanced using a commercial program (Adobe Photoshop CS4; San Jose CA), number coded, randomized ([www.randomizer.org](http://www.randomizer.org)), and inserted into a slide-show (Powerpoint 2007, Microsoft inc. Redmond WA) for examination. Two masked observers independently scored images for presence or absence of GFP fluorescence at each study time-point.

To evaluate retinal transduction efficiency, images of IHC were captured using a fluorescence microscope (Nikon Eclipse 80i, Nikon Instruments Inc., Melville NY) at x40 magnification. Images were captured from three sections 140µm apart, resulting in triplicate counts generated for each eye. Within each individual dog, the same region in both eyes was selected, to limit the effect of regional variation in cell density. Sections including the optic nerve were imaged in eyes that had received intravitreal injections. All images were cropped to 1200×800 pixels using the rectangular marquee tool (Adobe Photoshop CS4) and randomized. A masked observer counted the total numbers of antigen-positive cells and the number of these cells co-expressing GFP. Average percentages of specific cell-types expressing GFP were calculated.

Statistical analysis {#S16}
--------------------

Statistical analysis was performed using Graphpad Prism 5.0a (Graphpad software Inc. La Jolla, CA). When comparing the right eye and left eye within individual animals, a two-tailed paired student\'s t-test was performed. When results from eyes of different dogs were compared, a one-way ANOVA was performed with Bonferroni\'s multiple comparison post-test to evaluate the significance of individual differences. To evaluate the agreement between the two observers evaluating the fundus images, a regression line was fit to the scatter plot data. Due to low n-numbers, a Spearman rank correlation was used to compare results. Effects were considered significant if p\<0.05. In all figures, graphs represent mean +/− standard error of the mean (SEM).
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![*In vivo* images showing the onset of GFP expression following subretinal injection. Representative digitally enhanced images from time points post-injection are shown for subretinal injection of AAV2(quad Y-F) (A), scAAV8(Y733F) (B) and the control vector scAAV5 (C). The top color image in each case is taken immediately after injection showing the site of injection, subsequent pictures are of GFP fluorescence. scAAV8(Y733F) appeared to have a faster onset than the other two vector-types. The final extent of expression at the end of the study period (28 days) appeared similar between the 3 vector-types.](nihms528948f1){#F1}

![*In vivo* images showing the onset of GFP expression following intravitreal injection. Representative digitally enhanced images from time points post-injection are shown for intravitreal injection of AAV2(quad Y-F) (A) and scAAV2 (B). The top color image in each case is taken immediately after injection, subsequent pictures are of GFP fluorescence. Presence of GFP in nerve fibers and within the optic nerve head (white arrowheads) was detectable with both vector-types by 14 days post-injection, confirming that fluorescence was derived from vector expression within the retinal neurons, including ganglion cells.](nihms528948f2){#F2}

![Analysis of onset of GFP expression. Two masked observers graded fluorescent fundus images to evaluate the onset of GFP expression following vector injection. The results from the two observers were positively correlated (R^2^ = 0.61; A). There was no statistically significant difference in onset between capsid-mutant vectors and control vectors from an intravitreal injection or between AAV2(quad Y-F) and control scAAV5 from a subretinal injection (B; paired t-test). scAAV8(Y733F) had a significantly faster onset than the control scAAV5 following subretinal injection (B; paired t-test). Subretinal injection of the capsid-mutant vectors resulted in a faster onset of expression than intravitreal injection (B; one-way ANOVA with Bonferroni post-test). Two individual bars are shown for the control vector scAAV5 to reflect the data from the paired eye for the AAV2(quad Y-F) and the scAAV8(Y733F) groups separately. \*\* p \<0.01, \*\*\* p \<0.001](nihms528948f3){#F3}

![Inner and outer retinal transduction efficiency following subretinal injection. 30 days following subretinal injection, highly efficient transduction of retinal photoreceptors was evident (A); no difference was detected in the efficiency of photoreceptor transduction between vector types (B). Similarly, cones (identified by positive cone arrestin (CAR) expression) (C) were transduced with high efficiency, but no differences were detected between vector types (D). S-cones were transduced with relatively high efficiency (E,F) white arrows in E delineate S-opsin cones with no GFP expression. There was no difference between vector types in the transduction efficiency of inner retinal cells labeled with calbindin (G, H) or calretinin (I, J). PKC-alpha positive rod bipolar cells were not transduced with great efficiency with any vector-type (K), and scAAV8(Y733F) transduced significantly fewer rod bipolar cells than the control vector scAAV5 (L). Two individual bars are shown for the control vector scAAV5 to reflect the data from the paired eye for the AAV2(quad Y-F) and the scAAV8(Y733F) groups separately. Original magnification x40 for all images. GCL ganglion cell layer; INL inner nuclear layer; ONL outer nuclear layer; RPE retinal pigment epithelium. Scale bars = 50 µm](nihms528948f4){#F4}

![Inner and outer retinal transduction efficiency following intravitreal injection. 30 days following intravitreal injection, limited transduction of retinal photoreceptors was evident in the regions of maximal transduction around larger superficial retinal vessels (A). Similarly, a relatively low proportion of cones (identified by positive cone arrestin (CAR) expression) were transduced by both vector types (B). Occasional S-cones positive for GFP were identified in both treatment groups (GFP positive S-cone identified with white arrow in C). Vectors transduced inner retinal cells labeled with calbindin (D), calretinin (E) and PKC-alpha (F). AAV2(quad Y-F) vector transduced significantly more photoreceptors, calbindin positive inner retinal cells and PKC-alpha positive rod bipolar cells (G). GCL ganglion cell layer; INL inner nuclear layer; ONL outer nuclear layer; RPE retinal pigment epithelium. Scale bars = 50 µm](nihms528948f5){#F5}

![Comparison of cellular transduction characteristics between juvenile and adult dogs injected intravitreally. Two p16 dogs had a unilateral intravitreal injection with the AAV2(quad Y-F) vector. *In vivo* images taken at 30 days post-injection are shown from uninjected (A) and injected eyes (B; optic nerve expression indicated with arrow), demonstrating GFP expression in the AAV2(quad Y-F) injected eye. 30 days following injection, no GFP expression could be detected in the uninjected eye (C), but significant GFP expression was present throughout the retinal layers in the injected eyes (D), particularly within the retinal pigment epithelium. This was in contrast to the low amount of RPE expression seen in eyes injected as adults (E). Although this was seen to a limited extent following injections in juveniles, retinal transduction in adult retinas appeared to correlate more heavily with regions of superficial retinal vessels (arrows in D and E) High-magnification views of the areas delineated in D and E are shown in F and G respectively. GCL ganglion cell layer; INL inner nuclear layer; ONL outer nuclear layer; RPE retinal pigment epithelium. Scale bars in C--E = 200 µm, in F, G = 50 µm](nihms528948f6){#F6}

###### 

Details of dogs used for experimental procedures

  Number of dogs   4                4                4
  ---------------- ---------------- ---------------- ---------------
  Route            intravitreal     subretinal       subretinal
  Right eye        AAV2(quad Y-F)   AAV2(quad Y-F)   scAAV8(Y733F)
  Left eye         scAAV2           scAAV5           scAAV5

###### 

Antibodies used for immunohistochemistry

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Antigen target                        Antibody details\                                   Manufacturer                                                      Secondary antibody\
                                        and working\                                                                                                          and concentration (all from Invitrogen Corp, Carlsbad CA)
                                        dilution                                                                                                              
  ------------------------------------- --------------------------------------------------- ----------------------------------------------------------------- -----------------------------------------------------------
  Green-fluorescent protein             rabbit FITC conjugated 1:1000                       Invitrogen Corp, Carlsbad CA                                      N/A

  Cone arrestin (LUMif) ^[@R63]^        rabbit polyclonal 1:5000                            kind gift of Cheryl M. Craft, University of Southern California   AlexaFluor anti-rabbit 546 1:500

  S-cone opsin                          rabbit polyclonal 1:1000                            Millipore Billerica MA                                            AlexaFluor anti-rabbit 546 1:500

  Lectin labeling cone matrix sheaths   Biotinylated peanut agglutinin lectin (PNA) 1:500   Vector Laboratories Burlingame CA                                 AlexaFluor streptavadin 405 1:500

  Calbindin                             Mouse monoclonal 1:500                              Swant, Marly Switzerland                                          AlexaFluor anti-mouse 546 1:500

  Calretinin                            Rabbit polyclonal 1:500                             Swant, Marly Switzerland                                          AlexaFluor anti-rabbit 546 1:500

  Protein-kinase C alpha                Mouse monoclonal 1:500                              BD Biosciences, San Diego CA                                      AlexaFluor anti-mouse 546 1:500
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
